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ABSTRACT: We study oxygen vacancies in the tetragonal scheelite phase of bismuth vanadate
and identify stable oxygen-deficient structures. Upon subjecting these to variable-cell
optimization, we find that oxygen vacancies give rise to significant structural distortions, the
degree of which exhibits a vacancy concentration dependence. Furthermore, we show that these
distortions give rise to splitting of powder X-ray diffraction peaks, yielding patterns similar to
that of the monoclinic scheelite phase, and that these effects are also present at finite
temperatures. Our results highlight the need for characterization methods beyond X-ray
diffraction for identifying the phase of synthesized bismuth vanadate samples and the
importance of oxygen partial pressure control during synthesis.
■ INTRODUCTION
Bismuth vanadate, BiVO4, is a promising candidate material for
photoelectrochemical (PEC) water splitting due to the
moderate band gap of around 2.4 eV and favorable band
alignment of its monoclinic scheelite phase with the water
oxidation potential.1 BiVO4 has been proposed as a model
material providing a framework for studying phenomena
underlying the PEC behavior of complex transition-metal
oxides.2 For instance, it has been used as a development
platform for new methods of increasing performance and
stability of photocatalysts, such as photocharging3,4 and
deposition of various cocatalysts or films on its surface.5−9
BiVO4 has been synthesized in three different phases:
tetragonal zircon (I41/amd: a = b = 7.310 Å, c = 6.462 Å, α = β
= γ = 90°),10 tetragonal scheelite (I41/a: a = b = 5.147 Å, c =
11.722 Å, α = β = γ = 90°),11 and monoclinic scheelite (I2/b: a
= 5.194 Å, b = 5.090 Å, c = 11.697 Å, α = β = 90°, γ =
90.387°).11 An illustration of angle definitions is shown in
Figure S1. The monoclinic scheelite (ms) phase undergoes a
reversible transition to tetragonal scheelite (ts) at 528 K,12 and
an irreversible transition from tetragonal zircon to ms occurs at
670−770 K.13
The ms structure of BiVO4 is the most stable phase at room
temperature and has shown higher PEC efficiency than other
synthesized forms.13,14 This has lead to a wealth of publications
focused on studying and modifying ms BiVO4 photoanodes,
but the performance of samples may vary greatly with
crystallinity15,16 and morphology17,18 and thus with the chosen
synthesis method.
The choice of synthesis method, through variables such as
temperature and atmosphere, is also tied to the preferential
formation of defects within BiVO4 samples.
19 The oxygen
partial pressure during annealing is especially important, as it
influences the concentration of oxygen defects. These will have
a significant effect on many properties of the material. For
instance, heat treatment in an oxygen-deficient atmosphere
favors the formation of oxygen vacancies,20 which introduce
charge transition levels within the band gap and can interact
with excess charges in the lattice.21 The choice of synthesis
precursor can also influence the final product. In stoichiometric
BiVO4, vanadium has the 5+ oxidation state. The use of
precursors containing V4+, such as VO(acac)2, can lead to
incomplete oxidation of V4+ to V5+ in the final product. This in
turn results in an increase in the amount of oxygen vacancies in
BiVO4 samples to maintain charge neutrality.
22,23 The
incomplete oxidation of vanadium can be unintentional, but
it is also a common strategy for improving the efficiency of
photoanodes based on BiVO4.
20,24−2720,24−27 However, the
role of oxygen vacancies in BiVO4 is not entirely without
controversy. It has been reported both that they enhance28 and
diminish29 the charge transfer properties of the material.
First-principles modeling through density functional theory
(DFT) is commonly used to study the role of, e.g., defects30,31
and doping32 on the physical properties of metal oxides, but
the predictive power of DFT is invariably tied to the
exchange−correlation (XC) functional used. Using standard
semilocal XC functionals is insufficient for systems where
charge localization occurs since they preferentially delocalize
charges due to the self-interaction error.33,34 Hybrid XC
functionals, where a fraction of the approximate exchange is
replaced with the exact exchange formulation of the Hartree−
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Fock theory, correct this error allowing for a proper description
of localized states.35 The choice of the exchange-correlation
functional can also affect the calculated structural properties of
a material. For the specific case of BiVO4, the Perdew−Burke−
Ernzerhof functional36 predicts that the ts phase is lower in
energy, i.e., more stable, than the ms phase, while a hybrid
functional with an unphysically high fraction of exact exchange
corrects this prediction.37
Numerous first-principles studies have been conducted on
the effects of point defects21,38−41 and doping42−45 on the
electronic structure and charge transfer properties of BiVO4.
On the other hand, studies on their effects on the crystal
structure of the material are scarce. Laraib et al. found that
excess electrons can stabilize the ms phase.46 However, they
only considered delocalized electrons, while it has been shown
that excess charges tend to localize in BiVO4.
47−50 Zhang et al.
found that the presence of oxygen vacancies in ms BiVO4 leads
to lattice contraction,51 but their calculations were only
performed on the semilocal level of theory, thus not allowing
for the full description of charge localization at the defects.
In this article, we attempt to bridge this knowledge gap by
investigating the structural effects of oxygen vacancies at
different concentrations, corresponding to supercells of
different sizes, with varying local geometry in BiVO4 by
means of hybrid DFT. We emphasize structural similarities to
the stable ms phase and show that the oxygen-deficient
structures exhibit XRD patterns similar to that of pristine ms
BiVO4 upon cell relaxation.
■ COMPUTATIONAL DETAILS
All calculations were carried out using the Gaussian plane-wave
method, as implemented in the CP2K package.52 Double-ζ
polarized MOLOPT basis sets53 were used along with an
auxiliary plane-wave basis set defined up to a cutoff energy of
600 Ry. Goedecker−Teter−Hutter pseudopotentials54 are
used to describe core electrons. The PBE0-TC-LRC55,56
exchange−correlation functional with a 0.22 fraction of exact
exchange was employed, and the auxiliary density matrix
method57 was used to speed up calculations. The Brillouin
zone was sampled at the Γ point.
We consider only triplet spin configurations in calculations.
Seo et al. pointed out that the total energy difference between
singlet and triplet configurations for BiVO4 with electrons
localized at a neutral oxygen vacancy is only about 10 meV.21
We carried out a test calculation on the ts cell 2 × 2 × 1 Vb/Vb
c
structure and confirmed that the energy difference is negligible,
with the triplet roughly 1 meV lower in energy.
The 95-atom supercell used in the present study is found by
optimizing a 2 × 2 × 1 repetition of a tetragonal BiVO4 I2/b
structure while keeping its symmetry intact. The resulting
conventional cell has lattice parameters a = b = 5.140 Å and c =
11.747 Å, in good agreement with the experimental values. The
3 × 3 × 1 supercell is constructed using the same lattice
parameters as the smaller one.
■ RESULTS AND DISCUSSION
Structure Optimization. We begin the analysis by
investigating which oxygen vacancy-induced geometry dis-
tortions are stable in a 2 × 2 × 1 repetition of an ideal ts lattice,
containing 95 atoms in total. This corresponds to BiVO3.9375.
As demonstrated by Seo et al.,21 the oxygen vacancy in
bismuth vanadate exists in numerous configurations, differing
by the coordination of V atoms around the defect and by
where the two excess electrons are localized. The first
configuration, with an undercoordinated VO3, is formed by
simply removing an oxygen atom and allowing atomic
positions to relax, causing the two electrons to localize onto
the VO3 while attracting a neighboring VO4. This unbridged
configuration is shown in Figure 1a. By bringing the
neighboring VO4 and the VO3 units closer, we find that a
bridged structure forms with one electron localizing onto each
of the two V atoms, as shown in Figure 1b. Other
configurations, shown in Figure 1c−h, are generated by
inducing charge localization on different pairs of V atoms.
This is done by elongating the V−O bonds around select V
atoms using the bridged structure as a template.
We remark that the two bridging V atoms in Figure 1b are
inequivalent, with the V atom of the vacancy displaced further
from its pristine lattice position than the other bridging atom.
This is shown clearly in Figure S2. These V atoms are labeled
Vv, i.e., the V with a vacancy, and Vb, i.e., the bridge-forming
Figure 1. Configurations containing one oxygen vacancy in the 2 × 2 × 1 supercell. Isosurfaces represent electronic densities of the two excess
electrons and are shown at 7.5% of their maximum values. Bi atoms and some VO4 units have been omitted for clarity.
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VO4. The V units furthest and closest to Vv are denoted Vv
f and
Vv
c, with analogous definitions for Vb
f and Vb
c. For brevity, we
introduce a shorthand for the structures shown in Figure 1; for
instance, the configuration shown in Figure 1b is labeled Vv/
Vb, i.e., electron localization onto both Vv and Vb.
The energies relative to the unbridged configuration are
shown in Figure 2. The lowest-energy configuration, Vb/Vb
c, is
about 186 meV lower in energy than the next-lowest
configuration, Vb/Vb. The other structures with electron
localization into Vb are closer in energy, with the greatest
difference being about 75 meV between Vb/Vb and Vb/Vb
f .
Localization onto Vb is favored over localization onto Vv.
Generally, we find that our results agree within 0.1 eV with
previous calculations on oxygen vacancies by Seo et al.21 The
localization of electrons also introduces two states close to the
middle of the band gap, in agreement with what Hegner et al.
found for the bulk.41
We now investigate how the found relaxed oxygen vacancy
configurations influence the crystal structure of bismuth
vanadate. This is done by subjecting the previously considered
structures to variable-cell optimization, i.e., allowing both
atomic positions and the cell vectors of the simulation cell to
relax. Energies of the configurations after cell optimization
relative to the unbridged configuration in Figure 1a are shown
in Figure 2. The deviation of the optimized cell from the ts
lattice, and similarities to the ms lattice, can be assessed based
on how much the cell vector angles deviate from 90° and on
the length of the cell vectors, i.e., the lattice parameters.
The angle deviations from 90° are shown in Figure 3. The
lattice parameters are given in Table 1 and compared with the
corresponding values for the defect-free optimized 2 × 2 × 1
supercell as well as an experimental ms structure from ref 11.
We remark that the deformations of the defective structures
resemble the distortions of the monoclinic phase of BiVO4.
The relaxation of the cell results in a total energy reduction
of about 100−150 meV for all geometries. The largest shift
occurs for the unbridged configuration, but its energy remains
the highest among all configurations considered here. Cell
optimization does not affect the relative energies between
structures. In other words, Vb/Vb
c remains the lowest-energy
configuration. The relaxation also results in lattice expansion,
with the degree of expansion varying between structures. The
a/b ratios of all structures differ from unity, with that of the
unbridged configuration exhibiting a ratio very close to that of
ms BiVO4. Cell angles now deviate from 90°, with a magnitude
varying between structures. All configurations exhibit their
strongest tilt in γ, and several of them lie close to the
monoclinic angle of γ = 90.387°. This is coupled with a non-
negligible deviation in α and β except for Vv/Vv, which differs
significantly from the ms angles only in β.
We have demonstrated that the introduction of oxygen
vacancies in ts BiVO4 induces significant distortions in both
atomic positions and the lattice itself. Upon removal of an
oxygen atom, the two excess electrons localize, forming
polarons. It is of interest to verify whether the observed
distortions arise from the presence of vacancies, or if the
polarons alone may give rise to this effect. To clarify this, we
perform another calculation in which a triplet spin state is
imposed to a pristine 2 × 2 × 1 repetition of the conventional
ts BiVO4 structure. This yields a neutral cell containing an
electron−hole pair, similar to what would occur upon
photoexcitation. To ensure polaronic localization of both
charges, we additionally elongate the V−O bond lengths in a
VO4 unit. By monitoring the charge distribution, we verify that
charge localization occurs in agreement with previous studies
on polarons in BiVO4.
47,49,50 This system is then subjected to
Figure 2. Total energies of various configurations of the oxygen
vacancy in the neutral charge state in the 2 × 2 × 1 supercell. All
energies are given in reference to the unbridged configuration in the
tetragonal cell.
Figure 3. Cell vector angle deviations from 90° of (a) 2 × 2 × 1 (1.6% vacancy ratio, BiVO3.9375) and (b) 3 × 3 × 1 (0.7%, BiVO3.972)
configurations.
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variable-cell optimization, yielding a lattice defined by (a =
5.145 Å, b = 5.134 Å, c = 11.737 Å, α = 90.052°, β = 90.030°, γ
= 90.015°). The lattice distortions are thus much smaller than
in the presence of oxygen vacancies, and we conclude that
polarons by themselves do not contribute significantly to the
distortions observed for the oxygen-deficient structures.
The formation energy of oxygen vacancies in BiVO4 is
predicted to be low,21,42 and their formation during synthesis is
thus unavoidable, with a concentration depending on the
conditions of the chosen synthesis procedure. The 2 × 2 × 1
supercell considered above corresponds to a vacancy atomic
ratio( )NNvacO of 1.6%, and we now consider the effects of lower-
vacancy concentrations by repeating the optimization
procedure with a 3 × 3 × 1 supercell containing 216 atoms,
corresponding to a ratio of 0.7%, i.e., BiVO3.972. The energies
relative to the unbridged configuration are shown in Figure S3,
while the cell vector angles and lattice parameters are shown in
Figure 3 and Table 2, respectively.
The energy reduction from cell relaxation is about 100−130
meV, and localization onto Vb is again favored over Vv, with
energy differences smaller than in the 95-atom supercell. The
largest shift occurs for the Vb/Vb
c configuration, which is also
the most stable, though the differences in energy reduction are
smaller than the previous values. We observe distortions
similar to those of the smaller supercell, albeit with smaller cell
angles. Our results here demonstrate that the vacancy-induced
distortions exhibit a concentration dependence, with lower
concentrations yielding smaller distortions, as expected.
Powder X-ray Diffraction Patterns (PXRD). Powder X-
ray diffraction (PXRD) is a method commonly used for
materials characterization and has frequently been used to
determine the phase of synthesized BiVO4 samples during the
past few decades.11,14 We now investigate if the oxygen
vacancy-induced distortions would be apparent in PXRD
patterns by means of simulations using the software VESTA.58
The wavelength chosen, 1.5406 Å, corresponds to Cu Kα
radiation.
While the Cu Kα PXRD patterns of ts and ms BiVO4 are
similar, they both have some characteristic discrepancies that
have been used for phase identification.14 The ts phase exhibits
single reflections at 2θ values of about 18.5, 35, and 46°,
corresponding to crystal planes with the Miller indices of
(1,0,1), (2,0,0), and (2,0,4). The ms phase exhibits splitting of
these reflections corresponding to Miller indices of [(1,0,1),
(0,1,1)], [(2,0,0), (0,2,0)] and [(2,0,4), (0,2,4)] as well as an
additional reflection at 2θ = 15° corresponding to the plane
(0,0,2). In addition, the ms phase exhibits peak splitting at
∼50° as well as the formation of peak clusters at ∼40 and ∼60°
rather than clear individual peaks.
The simulated PXRD patterns of experimental ts and ms
structures are shown in Figure 4 in addition to those of the Vv/
Vb structures in the 2 × 2 × 1 (oxygen vacancy atomic ratio of
1.6%) and 3 × 3 × 1 (0.7%) supercells. Experimental patterns
for pure ts and ms BiVO4 from Tokunaga et al.
14 are also
shown. Since even higher concentrations of oxygen vacancies
were observed experimentally close to the surface (as high as
15%),24,59 we also assess the effect of increasing the defect
ratio. This is done by placing two symmetrically equivalent
vacancies in the Vv/Vb configuration in the 2 × 2 × 1 supercell,
leading to an oxygen vacancy atomic ratio of 3.2%, i.e.,
BiVO3.875.
The experimentally determined patterns agree well with the
corresponding simulated patterns. However, experiments fail
to capture some of the finer details for the ms pattern. The
splitting of peaks at 28° manifests as a single wide peak and the
broadening of the peak cluster at ∼60° makes it difficult to
distinguish separate peaks, for instance. For all concentrations
of oxygen vacancies, the peak splitting at 2θ values of 18.5, 35,
Table 1. Lattice Parameters for Optimized 2 × 2 × 1 Supercell Configurations as well as Experimental ms and Defect-Free
Optimized ts Structures





a (Å) 5.194 5.140 5.222 5.184 5.187 5.180 5.172 5.189 5.187 5.176
b (Å) 5.090 5.140 5.095 5.139 5.141 5.155 5.151 5.138 5.140 5.155
c (Å) 11.697 11.747 11.794 11.766 11.783 11.784 11.777 11.780 11.780 11.752
Table 2. Lattice Parameters of Oxygen-Deficient 3 × 3 × 1 Configurations





a (Å) 5.175 5.160 5.159 5.159 5.153 5.156 5.163 5.162
b (Å) 5.117 5.138 5.141 5.145 5.145 5.143 5.138 5.141
c (Å) 11.767 11.750 11.758 11.761 11.754 11.753 11.752 11.749
Figure 4. Simulated powder XRD patterns of oxygen-deficient BiVO4
Vv/Vb structures (solid lines). Experimental ts and ms patterns were
extracted from ref 14 (blue shading). Squares and circles denote
marker peaks used to identify ms and ts phases, respectively, as per
Tokunaga et al. The intensities of the experimental patterns have been
exaggerated to highlight similarities and differences to the simulated
patterns.
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46, and 50° is apparent in the optimized structures. They also
exhibit the formation of peak clusters at ∼40 and ∼60°. This
indicates that oxygen-deficient BiVO4 samples should exhibit
peak splitting similar to that of the pristine ms structure. The
degree of peak splitting at 35, 46, and 50° increases with
vacancy concentration, with 3.2% ratio being most pronounced
of the optimized systems considered here.
It has been suggested by Kim and Lee that lesser splitting of
the peak around 19° may indicate a mixture of ts and ms
phases.60 The spectra of oxygen-deficient structures here
exhibit a weaker splitting of that peak than the experimental ms
structure, demonstrating that this phenomenon may arise due
to cell distortions induced by oxygen vacancies as well. Our
results indicate that PXRD is insufficient to unambiguously
determine whether the phase of synthesized BiVO4 samples is
monoclinic scheelite unless a significant concentration of
oxygen vacancies is ruled out. Moreover, the fact that oxygen
vacancies induce such a pronounced structural modification,
even at low concentrations, signifies the importance of oxygen
potential control during material synthesis. Further studies are
needed to assess the relationship between oxygen vacancy
concentrations and synthesis conditions.
The PXRD patterns for all optimized structures are shown in
Figures S4 and S5. They all exhibit the ms-like splitting of
peaks, although the degree of splitting varies somewhat. The
distance between the two peaks at ∼35° increases with the γ
angle, for instance. Since they are otherwise similar to each
other, only the Vv/Vb structure is shown in Figure 4 as its
polaron configuration fits well into the 3.2% structure.
Stability of Defects. Experimental studies on BiVO4 are
typically done at room temperature. So far, our calculations
have corresponded to a temperature of 0 K. To verify that the
vacancy-induced distortions studied here remain present at
finite temperatures, we perform a 6 ps NPT ab initio molecular
dynamics simulation with the lowest-energy configuration (Vb/
Vb
c) at 300 K and 1 bar with a 2 fs timestep. We discard the
first 1.2 ps to account for equilibration effects.
Cell vector angles and lattice parameters from both the MD
simulation and corresponding cell optimization are shown in
Figure 5 and Table 3, respectively. While temperature does
affect the cell parameters, the effect is rather marginal. Lattice
parameters increase by about 0.02 Å in a and b and by about
0.08 Å in c on average, while cell vector angles remain the same
within error margins. These results indicate that the oxygen-
deficient structures remain distorted at finite temperatures.
Comparison with Experiments. We now refer to the
literature to investigate how experimental PXRD patterns
compared to those of the oxygen-deficient samples presented
in this work. The three experimental studies discussed below
have all described the synthesis of BiVO4 and indexed their
samples to the ms phase, despite the lack of clear ms-like
characteristics in PXRD patterns.
Luo et al.61 have presented a novel technique of BiVO4
nanoparticle synthesis involving ball-milling and subsequent
annealing at different temperatures. The characteristic peak
splitting at 19 and 35° is evident in the samples annealed at
500 °C and above, but not in the samples treated at lower
temperatures. The authors nevertheless index all annealed
samples to the ms and highlight the 400 °C sample as having a
good balance between crystallization and particle size
distribution. The PXRD pattern shows no peak splitting at
35° and has a wide peak cluster at 60°.
Appavu et al.62 have synthesized a photocatalyst consisting
of BiVO4 and nitrogen-reduced graphene oxide. As part of the
study, they have also synthesized pure BiVO4. The PXRD
pattern for the BiVO4 sample exhibits rather poor splitting of
the 35° peak, manifesting as a wider single peak than that of
the pure ts phase. The pattern also exhibits a wide peak cluster
at 60° rather than individual peaks.
Zalfani et al.63 have prepared BiVO4/TiO2 nanocomposites
and presented a PXRD pattern for the as-synthesized BiVO4.
The pattern does not exhibit clear splitting of the 35 and 47°
peaks, although the peaks are wider and flatter than those of
the ts pattern of Tokunaga et al. This suggests that the peaks
are indeed split, but that the degree of splitting is less than
would be expected from a phase-pure ms sample. The pattern
also exhibits a wide and flat peak at 60° rather than the well-
defined individual peaks characteristic of the ts phase.
It is clear that experimental PXRD patterns are not always
unambiguous. In fact, the PXRD patterns of the experiments
highlighted here are more similar to our oxygen-deficient
PXRD patterns than those of the ms phase of Tokunaga et al.,
suggesting that their synthesis methods may have resulted in
oxygen-deficient samples instead. In particular, the patterns
appear to show a lesser degree of peak splitting in line with
what we observe for the defective structures, as well as a wide
and flat peak around 60°. The peak cluster at 60° in the
oxygen-deficient structures of Figure 4 shows several distinct
peaks, but as discussed earlier, experiments do not capture the
same level of detail as simulations do.
Complementary Characterization Techniques. In
cases where PXRD is insufficient for unambiguous phase
assignment of synthesized BiVO4, such as the ones highlighted
above, using complementary characterization techniques to
probe samples for the presence of oxygen vacancies would be
Figure 5. Average angle deviation from 90° during 6 ps of molecular
dynamics at 300 K and 1 bar as well as for the starting configuration.
The error bars are standard error of the mean estimates based on a
blocking analysis.




a (Å) 5.206 ± 0.007 5.187
b (Å) 5.159 ± 0.006 5.140
c (Å) 11.859 ± 0.008 11.780
aUncertainties are standard error of the mean estimates based on a
blocking analysis.
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appropriate. There are several methods that may be used to
this end. Yao et al.64 used energy-dispersive X-ray spectroscopy
and found that their nanosheets are oxygen-deficient. Raman
spectroscopy is another useful technique as it is highly sensitive
to changes in local chemical environment. It has been
suggested that oxygen vacancies induce a broadening and
shift of Raman peaks in BiVO4 photoanodes.
65 A similar effect
has been observed for nanoparticles, but it was attributed to
differences in sample size and shape.18
As previously mentioned, the formation of oxygen vacancies
is coupled to the formation of V4+ species in BiVO4. This has
successfully been used to probe synthesized samples for this
type of defect. Selim et al.23 used X-ray photoelectron
spectroscopy to obtain an estimate of the concentration
close to the surface by comparing the relative signals of
V(2p3/2) states from V
5+ and V4+. The vacancy-related V4+ is
paramagnetic, which Tan et al.20 used to investigate the relative
concentrations of oxygen vacancies in BiVO4 samples annealed
in argon at different temperatures through electron para-
magnetic resonance spectroscopy. This technique, unlike the
others discussed here, has the additional benefit of allowing for
the detection of oxygen vacancies in the bulk.
■ CONCLUSIONS
In summary, we have studied the effect of oxygen vacancies on
the structure of bismuth vanadate. Starting from a ts structure,
we first investigated which oxygen-deficient geometries are
stable. We then subjected them to variable-cell optimization,
yielding significant distortions of the lattice. The distortions
increase with oxygen vacancy concentration and cannot arise
only due to the presence of polarons. Furthermore, we
demonstrated that the distortions result in PXRD peak
splittings similar to that commonly associated with the ms
structure and that the distortions are retained at room
temperature. Finally, we discuss our results in relation to
experimental PXRD studies and find striking similarities
between our simulated patterns and those of experiments.
Our results imply that PXRD alone is insufficient to assign the
ms phase to synthesize bismuth vanadate samples in cases
where the patterns are ambiguous. One must also rule out the
presence of oxygen vacancies at significant concentrations.
They also highlight the importance of oxygen partial pressure
control during synthesis and cast doubt on whether the
synthesis methods found in the literature, supposedly resulting
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Schiffmann, F.; et al. CP2K: An Electronic Structure and Molecular
Dynamics Software Package - Quickstep: Efficient and Accurate
Electronic Structure Calculations. J. Chem. Phys. 2020, 152,
No. 194103.
The Journal of Physical Chemistry C pubs.acs.org/JPCC Article
https://dx.doi.org/10.1021/acs.jpcc.0c08751
J. Phys. Chem. C 2021, 125, 1200−1207
1206
(53) VandeVondele, J.; Hutter, J. Gaussian Basis Sets for Accurate
Calculations on Molecular Systems in Gas and Condensed Phases. J.
Chem. Phys. 2007, 127, No. 114105.
(54) Goedecker, S.; Teter, M.; Hutter, J. Separable Dual-Space
Gaussian Pseudopotentials. Phys. Rev. B 1996, 54, 1703−1710.
(55) Perdew, J. P.; Ernzerhof, M.; Burke, K. Rationale for Mixing
Exact Exchange with Density Functional Approximations. J. Chem.
Phys. 1996, 105, 9982−9985.
(56) Guidon, M.; Hutter, J.; VandeVondele, J. Robust Periodic
Hartree-Fock Exchange for Large-Scale Simulations Using Gaussian
Basis Sets. J. Chem. Theory Comput. 2009, 5, 3010−3021.
(57) Guidon, M.; Hutter, J.; VandeVondele, J. Auxiliary Density
Matrix Methods for Hartree-Fock Exchange Calculations. J. Chem.
Theory Comput. 2010, 6, 2348−2364.
(58) Momma, K.; Izumi, F. VESTA 3 for Three-Dimensional
Visualization of Crystal, Volumetric and Morphology Data. J. Appl.
Crystallogr. 2011, 44, 1272−1276.
(59) Rossell, M. D.; Agrawal, P.; Borgschulte, A.; Heb́ert, C.;
Passerone, D.; Erni, R. Direct Evidence of Surface Reduction in
Monoclinic BiVO4. Chem. Mater. 2015, 27, 3593−3600.
(60) Kim, J. H.; Lee, J. S. Elaborately Modified BiVO4 Photoanodes
for Solar Water Splitting. Adv. Mater. 2019, 31, No. 1806938.
(61) Luo, Q.; Zhang, L.; Chen, X.; Tan, O. K.; Leong, K. C.
Mechanochemically Synthesized M-BiVO4 Nanoparticles for Visible
Light Photocatalysis. RSC Adv. 2016, 6, 15796−15802.
(62) Appavu, B.; Thiripuranthagan, S.; Ranganathan, S.; Erusappan,
E.; Kannan, K. BiVO4/N-rGO Nano Composites as Highly Efficient
Visible Active Photocatalyst for the Degradation of Dyes and
Antibiotics in Eco System. Ecotoxicol. Environ. Saf. 2018, 151, 118−
126.
(63) Zalfani, M.; van der Schueren, B.; Hu, Z.-Y.; C. Rooke, J.;
Bourguiga, R.; Wu, M.; Li, Y.; Tendeloo, G. V.; Su, B.-L. Novel
3DOM BiVO4/TiO2 Nanocomposites for Highly Enhanced Photo-
catalytic Activity. J. Mater. Chem. A 2015, 3, 21244−21256.
(64) Yao, D.; Dong, C.; Bing, Q.; Liu, Y.; Qu, F.; Yang, M.; Liu, B.;
Yang, B.; Zhang, H. Oxygen-Defective Ultrathin BiVO4 Nanosheets
for Enhanced Gas Sensing. ACS Appl. Mater. Interfaces 2019, 11,
23495−23502.
(65) Wang, S.; Chen, P.; Yun, J.-H.; Hu, Y.; Wang, L. An
Electrochemically Treated BiVO4 Photoanode for Efficient Photo-
electrochemical Water Splitting. Angew. Chem., Int. Ed. 2017, 56,
8500−8504.
The Journal of Physical Chemistry C pubs.acs.org/JPCC Article
https://dx.doi.org/10.1021/acs.jpcc.0c08751
J. Phys. Chem. C 2021, 125, 1200−1207
1207
